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Abstract
The ChlR1 DNA helicase is mutated in Warsaw breakage syndrome characterized by
developmental anomalies, chromosomal breakage, and sister chromatid cohesion defects.
However, the mechanism by which ChlR1 preserves genomic integrity is largely unknown. Here,
we describe the roles of ChlR1 in DNA replication recovery. We show that ChlR1 depletion
renders human cells highly sensitive to cisplatin; an interstrand-crosslinking agent that causes
stalled replication forks. ChlR1 depletion also causes accumulation of DNA damage in response to
cisplatin, leading to a significant delay in resolution of DNA damage. We also report that ChlR1-
depleted cells display defects in the repair of double-strand breaks induced by the I-PpoI
endonuclease and bleomycin. Furthermore, we demonstrate that ChlR1-depeleted cells show
significant delays in replication recovery after cisplatin treatment. Taken together, our results
indicate that ChlR1 plays an important role in efficient DNA repair during DNA replication,
which may facilitate efficient establishment of sister chromatid cohesion.
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INTRODUCTION
ChlR1, otherwise known as DDX11, Chl1, Ctf1, or Mcm12, is a DEAH/DEAD box-
containing DNA helicase belonging to the FANCJ-like DNA helicase family [1]. The
protein was first identified in a yeast genetic screen as CHL1/CTF1, whose deletion resulted
in elevated levels of chromosomal loss or missegregation in the budding yeast
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Saccharomyces cerevisiae [2-4]. Subsequent studies in both budding and fission yeast
demonstrated that deletion of chl1 results in premature sister chromatid separation, and that
Chl1 genetically interacts with various factors involved in sister chromatid cohesion [5-8].
These factors include Ctf7/Eco1 and RFC-Ctf18, both of which have critical roles in S
phase. Ctf7/Eco1 is an acetyltranferase responsible for acetylation of the cohesin subunit
Smc3, and is required for cohesion establishment specifically during S phase [9-14]. RFC-
Ctf18 is an alternative replication factor C complex involved in cohesion establishment, S-
phase checkpoints, and replication fork stabilization [5, 7, 15-22]. These results suggest that
ChlR1 plays a critical role during S phase to establish proper sister chromatid cohesion.

The functions of Chl1 appear to be conserved throughout evolution. RNAi-dependent
downregulation of ChlR1 causes premature sister separation and a profound delay in mitotic
progression in human cells [23-25]. It is also demonstrated that ChlR1 interacts with cohesin
subunits, including Scc1, Smc1 and Smc3 [25]. Interestingly, a recent report found that the
K879del mutation in ChlR1 is responsible for a cohesinopathy-related disease termed
“Warsaw breakage syndrome” (WABS). The patient with WABS displays severe
developmental defects, including microcephaly, growth retardation, and facial dysmorphy
[26]. On the cellular level, the patient’s lymphocytes show combined phenotypes of Fanconi
Anemia and the cohesinopathy Robert’s Syndrome, including abnormal chromosome
separation or breakage, and elevated sensitivity to the interstrand-crosslinking (ICL) agent
mitomycin C (MMC) and the topoisomerase inhibitor camptothecin [26]. Furthermore,
ChlR1 knockout in mice results in embryonic lethality and aneuploidy due to the loss of
sister chromatid cohesion [23]. These findings suggest that ChlR1 is required for normal
mammalian development and preservation of genomic integrity.

Biochemical studies revealed that ChlR1 possesses a vital ATPase domain, as well as a
carboxy-terminal HELICASE domain, both of which are crucial to its enzymatic function
[4, 27]. ChlR1 has been shown to preferentially translocate on short single-stranded DNA
[27]. Further in-vitro studies showed that ChlR1 interacts preferentially with forked duplex
DNA, and efficiently unwinds the 5’ flap structure, a key intermediate of lagging strand
processing [28]. Consistently, ChlR1 is able to stimulate the activity of the 5’ flap
endonuclease, Fen1 [29]. Importantly, the WABS mutation abrogates ChlR1 helicase
activity [28]. These results suggest that ChlR1’s helicase or unwinding activity is crucial to
sister-chromatid cohesion and that ChlR1 plays an important role at the replication fork,
coordinating lagging strand synthesis with sister chromatid cohesion.

Recent studies have also implicated the role of ChlR1-related proteins in DNA repair. In
yeast, chl1 deletion renders cells sensitive to S-phase stressing agents and causes a decrease
in the level of DNA damage-induced recombination [5, 30, 31]. In human cells, ChlR1
depletion causes a lower rate of sister chromatid exchange (SCE), which is an indication of a
DNA repair process that utilizes sister-chromatids for homologous recombination (HR) [23].
A study in C. elegans showed that the deletion of a FANCJ/ChlR1 homologue affects the
ability to resolve secondary structures during replication, a process possibly involving HR
[32]. Furthermore, an in-vitro biochemical study showed that ChlR1 is able to unwind a
substrate representing an early intermediate of HR, as well as a substrate representing G-
quadruplex DNA [28]. Thus, ChlR1’s functions in DNA repair processes may play an
important role in establishment of sister chromatid cohesion.

In the course of understanding how DNA replication is coordinated with sister chromatid
cohesion, we previously demonstrated that the Timeless protein, which plays a central role
in the maintenance of the replication fork [33], interacts with ChlR1 in human cells [24]. We
also showed that Timeless depletion leads to cohesion defects, which was alleviated by
overexpression of ChlR1 [24]. Furthermore, we also demonstrated in fission yeast that Chl1
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overproduction suppresses DNA damage sensitivity of Swi1 (Timeless ortholog) deficient
cells [5]. Considering that ChlR1/Chl1 also interacts with replication fork proteins such as
PCNA and Fen1 [29, 34], our findings suggested that Timeless and ChlR1 work together at
the replication fork to maintain replication fork structures and promote efficient sister
chromatid cohesion. In this report, we demonstrate that ChlR1 is required for cellular
tolerance to an ICL agent, cisplatin, which is known to cause stalled replication forks.
ChlR1-depleted cells accumulate DNA damage and have defects in repair of double
stranded breaks. In addition, we show that ChlR1 is required for efficient incorporation of a
nucleotide analog after cisplatin treatment. These results indicate that ChlR1 plays an
important role in efficient DNA repair during DNA replication.

MATERIALS AND METHODS
Cell culture

Unless indicated otherwise, HeLa and 293T cells were grown as described [24]. For the I-
PpoI DNA damage repair assay, HeLa cells were cultured in DMEM supplemented with
10% fetal bovine serum (Gemini Bio-Products, Sacramento, CA), and 100 U/ml of penicillin
and 100 μg/ml of streptomycin. After retroviral infection, cells were switched into phenol
red-free DMEM supplemented with 10% charcoal-stripped fetal bovine serum (Gemini Bio-
Products), 110 mg/ml sodium pyruvate, 2mM L-glutamine, 0.06 mg/ml of penicillin, and 0.1
mg/ml of streptomycin. Where indicated, cells were treated with cis-diammineplatinum(II)
dichloride (cisplatin, P4394, Sigma, St Louis, MO) or bleomycin (bleomycin sulfate,
203401, EMD Millipore, Billerica, MA) at the indicated concentrations.

RNAi
shRNA mediated depletion of ChlR1 and Timeless was accomplished using the lentiviral
vector pLKO.1-PURO encoding shRNA sequences for scrambled control (Addgene plasmid
1684, 5’-
CCTAAGGTTAAGTCGCCCTCGCTCGAGCGAGGGCGACTTAACCTTAGG-3’) [35],
ChlR1/DDX11 (TRC clone ID: TRCN0000151936, 5’-
CCCTTACATGATGAGAAAGATCTCGAGATCTTTCTCATCATGTAAGGG-3’), and
Timeless (TRC clone ID: TRCN0000157211, 5’-
GCCCACACTAACCATTGCATTCTCGAGAATGCAATGGTTAGTGTGGGC-3’) [36]
knockdown (Open Biosystems, Huntsville, AL). VSV-G-psuedotyped lentivirus was
generated in 293T cells using 10 μg plasmid DNA and packaging vectors as described [37].
HeLa cells were infected with viral particles overnight in medium containing 8 μg/mL
polybrene, after which medium was replaced. Two days post-infection, infected cells were
selected using 2 μg/mL puromycin for at least 4 days. Cells stably depleted of ChlR1 or
Timeless were selected in the presence of puromycin and routinely monitored for ChlR1
levels by Western blotting.

shRNA-mediated ChlR1 depletion was also accomplished using the pGEM-based plasmid
expressing an shRNA targeting ChlR1 (ChlR1-5) driven by U6 promoter as described in our
previous reports [23, 38].

Transfection of siRNA duplexes or shRNA vectors was performed as described [23, 24, 36].
The sense strands of siRNA oligonucleotides for ChlR1-#1, ChlR1-#2, and ChlR1-#3 are
described in our previous report [24].

Antibodies
Purified polyclonal ChlR1 (Hel1) and Timeless antibodies were previously generated [24,
39]. Antibodies to 53BP1 (BP13) and Chk2 (clone 7) were purchased from EMD Millipore
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(Billerica, MA); phospho-Chk2 (Thr68, #2661) from Cell Signaling (Danvers, MA);
Tubulin (alpha-tubulin, B512) from Sigma-Aldrich (St. Louis, MO); and Actin (sc-1616)
from Santa Cruz Biotechnology (Santa Cruz, CA).

Clonogenic survival assay
For clonogenic survival assays, HeLa cells permanently depleted of ChlR1 by infecting the
lentivirus expressing shRNA were seeded into 6-well plates. After 8 hours, cells were
treated with cisplatin at the indicated concentrations. In order for the cells to form colonies,
cells were washed once with PBS and grown in drug-free medium for approximately 8 days.
Colonies were rinsed once with PBS, fixed with 3.7% formaldehyde, and stained with
0.05% crystal violet (Sigma-Aldrich) for 30 min. Colonies of 50 cells or greater were
counted, and the surviving fractions for each RNAi treatment group in triplicate represent
the plating efficiency for each treatment divided by the plating efficiency of the
corresponding untreated control.

Immunofluorescence
Immunofluorescence was performed as described [40] with minor modifications. Briefly,
cells were fixed in 3.7% formaldehyde, permeabilized in 0.5% Triton X-100 (in 1 × PBS),
and immunostained with the anti-53BP1 antibody diluted 1:1000 followed by incubation
with Alexa-Fluor 568-conjugated anti-mouse IgG (Molecular Probes, Invitrogen, Carlsbad,
CA) secondary antibody diluted 1:2000. To visualize DNA, cells were also stained by 4’, 6’-
diamidino-2-phenylindole (DAPI, Invitrogen). Microscopic analyses were performed either
using an Olympus PROVIS AX70 compound fluorescent microscope equipped with a
Retiga EXi camera (QImaging, Surrey, BC, Canada) or using a Nikon E800 microscope
equipped with a Nikon DXM1200 camera (Nikon, Tokyo, Japan). Nuclei and foci images
were acquired with Ivision software (BioVision Technologies, Exton, PA) or with Nikon
N1S-Elements software (Nikon).

EdU fluorescence microscopy
Assessment of cellular incorporation of a thymidine analog was performed as described [36,
41] except that 5-ethynyl-2’-deoxyuridine (EdU) was used in place of 5-bromo-2’-
deoxyuridine (BrdU). Briefly, cells were grown on glass coverslips and treated with 1 mM
hydroxyurea (HU) for 16 hours to halt replication fork progression. Cells were then washed
once with 1 × PBS, and treated with 100 μM cisplatin or vehicle (dH2O) for 1 hour. Cells
were washed twice with 1 × PBS, and returned to fresh medium without cisplatin. At the
indicated times, cells were incubated with medium containing 15 μM EdU for 20 minutes.
After EdU treatment, cells were fixed and prepared for detection of EdU using “Click-iT”
Azide-488 EdU detection reaction cocktail as recommended by manufacturer’s instruction
(Invitrogen). Microscopic analyses were performed as described above.

I-PpoI DNA damage repair assay
I-PpoI DNA damage repair assay was performed as described [42-44]. Cells depleted of
ChlR1, Timeless, or scramble (control) were infected with retrovirus expressing HA-ER-I-
PpoI [43, 45], which results in expression of estrogen receptor-I-PpoI fusion protein. Twelve
hours post-infection, cells were switched into phenol red-free DMEM. Seventy-two hours
post infection, cells were treated with 8 μM tamoxifen (Invitrogen) to induce ER-I-PpoI
nuclear localization and double strand break generation at I-PpoI genomic DNA target sites
on chromosome 1 (single site) and within the rDNA repeat genes [43, 44]. At the indicated
times, cells were lysed in 300 μl of “Genomic DNA Isolation Buffer” (50 mM Tris-HCl pH
8.0, 50 mM EDTA, 10 mM NaCl, and 1% SDS). Lysates were sonicated at 20% duty for 20
seconds with 1-second pulse intervals, digested with 1.25 μl RNase (10 mg/ml) for 30
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minutes at 65° C, and incubated with 1 μl Proteinase K (20 mg/ml) overnight at 37° C. DNA
was precipitated with 3 volumes of 100% ethanol for 30 minutes and resuspended in 10%
Chelex resin (BioRad) and boiled (at 100° C) for 10 minutes. Samples were spun briefly,
and supernatants containing DNA were stored. DNA concentrations were measured using a
NanoDrop spectrophotometer (ND 1000, Thermo Fisher Scientific) with accompanying
software, and samples were equalized to the same concentration.

Real-time (RT) PCR reactions were run in triplicates using iQ SYBR Green Supermix
(Quanta Biosciences, Gaithersburg, MD) and I-PpoI chromosome 1 target-site flanking
primers (chrm1-flank-fwd: 5’-TCACTGAAGACTTGGTGGGA-3’ and chrm1-flank-rev:
5’-AAACCATACGTGGCAGAGTG-3’) [43]. As a control, RT-PCR was also performed
using primers specific to a region adjacent to the I-PpoI target site (280 bp away from the
cut site), but unaffected by the enzyme itself (chrom1ADJ-fwd: 5’-
TGCTGCTTTTTCTTCTTCTCC-3’ and chrom1ADJ-rev: 5’-
CTTCTTTCCCACCAAGTCTTC-3’) [43]. A threshold was set to obtain CT values from
the cycle runs, ΔΔCT values were determined as previously described [43], and represented
as “Percent damaged DNA”.

RESULTS
ChlR1-depleted cells are sensitive to cisplatin

WABS patient cells have a lower rate of survival and a higher rate of chromosomal breakage
when treated with the interstrand-crosslinking (ICL) agent mitomycin C (MMC) [26]. These
results suggest the role of ChlR1 in repair of ICL-induced DNA damage. To understand the
function of ChlR1 in DNA repair during replication, we first investigated whether ChlR1 is
required for cellular survival to cisplatin, a platinum-containing ICL inducing agent known
to inhibit replication fork progression [46]. ChlR1 was stably downregulated in HeLa cells
using shRNA-expressing lentivirus. As a control, we also depleted Timeless, via shRNA,
since Timeless is required for replication recovery in response to DNA damage [24, 33]. As
shown in Fig 1A, ChlR1 and Timeless shRNA-expressing lentiviruses effectively
downregulated ChlR1 and Timeless, respectively. When treated with vehicle without
cisplatin, ChlR1- or Timeless-depleted cells showed growth rates similar to control cells
(Fig 1B). Cisplatin treatment caused a growth delay in control cells probably due to
cisplatin-dependent DNA damage, although cell numbers were maintained throughout the
experiment (Fig 1C). In contrast, the number of Timeless-depleted cells declined after
cisplatin treatment, probably due to cell death (Fig 1C). Interestingly, cisplatin treatment
also caused a significant decline of cell numbers in ChlR1-depleted cells (Fig 1C). Cisplatin
sensitivity was also assessed by clonogenic survival assays. As shown in Fig 1D, the HeLa
cells stably expressing ChlR1 shRNA (Fig 1A) are significantly more sensitive than control
HeLa cells. Moreover, HeLa cells transiently transfected with a different ChlR1 shRNA
vector (ChlR1 shRNA-5 [23, 38]) also showed considerable cisplatin sensitivity when
compared to cells transfected with control shRNA (Fig 1E). These results indicate that
ChlR1 is required for cellular tolerance to cisplatin, suggesting that ChlR1 is involved in
recovery of cisplatin-induced ICLs.

ChlR1-depleted cells accumulate DNA damage foci in response to cisplatin
The aforementioned results suggest a role for ChlR1 in DNA damage recovery. To address
this possibility, we examined whether ChlR1-depleted cells accumulate DNA damage when
treated with cisplatin. Levels of DNA damage in these cells were determined by
immunofluorescence detection of 53BP1 in HeLa cells (Fig 2). 53BP1 is known to form
DNA damage foci and is commonly used as a marker for DNA double-strand breaks (DSBs)
[47, 48]. HeLa cells stably expressing ChlR1 shRNA (Fig 2A) were incubated with cisplatin
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for 1 hour, and then returned to medium without cisplatin. We noticed that ChlR1-depleted
cells displayed higher numbers of 53BP1 foci even without cisplatin treatment (Fig 2B and
2C), indicative of spontaneous DSBs in the absence of genotoxic agents. When cells were
treated with cisplatin, foci numbers initially increased in both ChlR1-downregulated and
control cells (Fig 2D, 1 and 3 hours, Fig S1). In control cells, foci levels peaked around 3-5
hours past treatment and receded by 7 hours (Fig 2D, 5 and 7 hours, Fig S1). However, in
ChlR1 downregulated cells, foci numbers continued to increase throughout the time-course.
At 5 and 7 hours post-treatment, ChlR1-downregulated cells display a significantly higher
level of 53BP1 foci than control cells in response to cisplatin (Fig 2B bottom panels and Fig
2D, 7 hours). These results suggest that ChlR1-depleted cells are less capable of repairing
DNA damage caused by cisplatin. To confirm the specificity of ChlR1 downregulation, we
transiently transfected HeLa cells with siRNA oligonucleotides targeting control (luciferase)
or ChlR1 (Fig 2E). Cells were then treated with cisplatin for 1 hour and returned to fresh
medium for 7 hours without cisplatin. Importantly, all three ChlR1 siRNAs significantly
increased the number of 53BP1 foci in HeLa cells in response to an ICL-inducing agent,
cisplatin. Considering that ICLs induce a replication block leading to DNA damage, our
findings may suggest that ChlR1 has an important role in preventing or resolving DNA
damage at the replication fork.

Inefficient double-strand break repair in ChlR1-depleted cells
Thus far, our data suggests that ChlR1 plays a role in repair of DNA damage. DNA ICL
repair involves removal of the crosslinked DNA, which is thought to result in the generation
of a double-strand break (DSB) followed by homologous recombination (HR) [49]. To
assess ChlR1’s role in DSB repair, ChlR1 was stably downregulated in HeLa cells via
shRNA-expressing lentivirus (Fig 3A, Fig S2B). As a control, Timeless was also stably
downregulated in HeLa cells (Fig 3A, Fig S2A). These cells were then infected with
retrovirus containing HA-ER-I-PpoI, which results in expression of estrogen receptor (ER)
fused to the eukaryotic homing endonuclease I-PpoI [43, 45] [44]. Seventy-two hours post-
infection, cells were treated with tamoxifen, which induces ER-I-PpoI relocalization from
the cytosol to the nucleus. I-PpoI then introduces DSBs at defined genomic sites, promoting
DSB repair. I-PpoI induction is reported to cause activation of the ATM-dependent
checkpoint pathway [43]. Consistently, we observed increased phosphorylation of an ATM
target, Chk2, in response to tamoxifen (Fig 3A, Fig S2C). In control cells, we observed a
sharp increase of I-PpoI-dependent DNA damage in 2 h, which decreased rapidly at 4 h.
There was then a fluctuation in the level of damaged DNA at 6, 8 and 10 h time point,
although DSBs never reached as high as the initial peak (Fig 3B). This fluctuation is similar
to those seen by Berkovich and colleagues [43]. In Timeless-depleted cells, DNA damage
increased at a similar rate as control cells. However, DNA damage continued to increase
until 4 hours after tamoxifen addition, and gradually decreased during the course of the
experiment (Fig 3B). In addition, levels of DNA damage in Timeless-depleted cells are
consistently higher over the time course, when compared to control cells (Fig 3B). In
ChlR1-depleted cells, damage levels peaked 2 hours after induction, similar to control cells.
Interestingly, although damage levels subsided, the level of DNA damage in ChlR1-depleted
cells remained consistently higher than in control cells throughout the experiment (Fig 3B).
These results suggest that Timeless- and ChlR1-depleted cells have defects in efficient
repair of DSBs, leading to accumulation of DNA damage. Consistently, pChk2 levels are
elevated in Timeless and ChlR1-depleted cells when compared to control cells (Fig 3A, Fig
S2C).

To further confirm the role of ChlR1 in DNA repair, HeLa cells stably expressing ChlR1
shRNA were treated with bleomycin, a radiomimetic drug that causes DSBs. After
bleomycin treatment, cells were washed and released into fresh medium without bleomycin.
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As shown in Fig 3C, ChlR1-depleted cells displayed more 53BP1 foci when compared to
control cells. Moreover, we transiently transfected HeLa cells with ChlR1-tageting siRNA
oligonucleotides and found that ChlR1 downregulation causes nuclear accumulation of
53BP1 foci (Fig 3D), further supporting an idea that ChlR1 is involved in repair of DSBs.

ChlR1 is involved in recovery of DNA replication in response to cisplatin
ChlR1 interacts with replication fork proteins [24, 29, 34] and appears to play a role in DNA
damage recovery (Fig 1 - 3). Therefore, we sought to determine whether the loss of ChlR1
affects replication recovery after DNA damage. Cells were incubated with hydroxyurea
(HU) to induce replication fork arrest. Cells were then treated with cisplatin for 1 hour to
induce DNA damage at the replication fork, and then returned to fresh medium. To monitor
replication recovery, cells were treated with the thymidine analog EdU, at various time
points after cisplatin treatment, to allow cells to incorporate EdU into replicated DNA. After
EdU treatment, cells were fixed and prepared for EdU detection by fluorescence
microscopy. When cells were treated with vehicle, ChlR1-depleted cells incorporated EdU
at a slightly slower rate than their control counterparts over the time-course (Fig 4B, 4C).
More importantly, when treated with cisplatin, the rate of EdU incorporation in ChlR1-
depleted cells was significantly slower (Fig 4B, 4C). Considering that cisplatin introduces
ICLs on the template DNA, our results suggest that ChlR1 may be needed to repair the
damaged DNA before the replication fork can move forward. Taken together with our
results on damage recovery (Fig 2 - 4), our findings indicate an important role for ChlR1 at
the replication fork to maintain genomic integrity.

DISCUSSION
In this report, we have described the role of the human ChlR1 DNA helicase in DNA
damage recovery. We showed that ChlR1-depleted cells display elevated sensitivity to
cisplatin and accumulation of DNA damage represented by 53BP1 foci (Fig 1 and 2).
Importantly, ChlR1 depletion led to a significant delay in the resolution of 53BP1 foci in
response to cisplatin, an ICL agent that causes stalled replication forks (Fig 2). It is thought
that repair of ICL involves the generation of DSBs, which leads to homologous
recombination (HR)-driven repair at the replication fork [49]. Therefore, our results suggest
that ChlR1 plays an important role in DSB repair at the replication fork. Consistently, we
demonstrated that ChlR1-depleted cells have defects in efficient repair of I-PpoI and
bleomycin induced DSBs (Fig 3), further supporting the role of ChlR1 in DSB repair
processes. Interestingly, it has been reported that SCE rate is reduced in ChlR1-depleted
cells in response to a replication fork-damaging agent [23]. Since SCE is the outcome of
HR, it is highly possible that ChlR1 is involved in HR. This idea is supported by the fact that
ChlR1 enhances unwinding of D-loop DNA structures (HR intermediates) to facilitate the
process of HR [28]. Considering that ChlR1 interacts with several replication fork proteins
including PCNA, Fen1 and Timeless [24, 29, 34], it is straightforward to suggest that
ChlR1’s functions are required at the replication fork during S-phase. Consistently, cells
deficient for ChlR1/Chl1 are also sensitive to MMC, MMS, and CPT, all of which cause
DNA breaks during replication [5, 26, 30, 31], further supporting a notion that ChlR1 is
involved in DNA repair at the replication fork.

Previous studies reported that ChlR1 enhances activity of Fen1, a critical enzyme for
Okazaki fragment processing during lagging strand DNA synthesis [29]. This is consistent
with the notion that ChlR1 works in S phase. Fen1 is known for its role in RNA primer
removal during Okazaki fragment processing and long-patch base excision repair (BER)
[50, 51], but it is also reported to interact with WRN for efficient fork cleavage for
resolution of stalled replication fork [52]. Consistently, it has been shown that Fen1 is
important for fork re-initiation [41]. We also showed that ChlR1 is important for recovery of
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fork after cisplatin treatment (Fig 4). These results suggest that ChlR1 might assist Fen1 to
promote efficient fork recovery after ICL-induced DNA damage.

How might ChlR1’s function in DNA repair affect sister chromatid cohesion? A number of
studies demonstrated that ChlR1-related proteins are involved in sister chromatid cohesion,
which is known to be established during S phase near the replication fork [5-8, 23-25]. How
DNA replication is coordinated with sister chromatid cohesion is unknown. Considering that
Fen1 activity is stimulated by ChlR1 in vitro [29], it is possible that lagging-strand
processing may affect the efficiency of cohesion. Consistently, Fen1 depletion has been
shown to cause sister chromatid cohesion defects [29]. In addition, the length of duplex
DNA displaced by ChlR1 helicase was shown to be increased by RFC-Ctf18, an alternative
replication factor C involved in sister chromatid cohesion [29]. These findings suggest that
ChlR1 supports sister chromatid cohesion by promoting efficient lagging strand synthesis.
This is consistent with the idea that delayed lagging strand processing would cause a long
stretch of single stranded DNA, which may impede migration of the replication fork through
the cohesin ring. It is possible that a large loop structure generated at the fork causes
disruption of the ring [16, 29, 53]. Interestingly, we have previously shown that Timeless,
which interacts with ChlR1, is required for stable association of cohesin subunits with
chromatin [24]. Timeless is also required for maintaining the level of chromatin-bound
ChlR1[24], and Timeless downregulation causes accumulation of ssDNA [54]. Importantly,
yeast genetic studies show that Swi1 (Timeless homolog) is required for coordinating
leading- and lagging-strand DNA synthesis to prevent ssDNA accumulation [55-57]. Thus,
we suggest that efficient lagging-strand processing may have a critical role in establishment
of sister chromatid cohesion. However, we cannot rule out the possibility that DNA repair
defects in ChlR1-depleted cells are downstream consequences of the loss of cohesion
establishment. Indeed, it has been suggested that cohesin rings form at sites of DNA
damage, assisting in the repair process [58, 59]. In addition, ChlR1 has been shown to
interact with cohesin subunits [25]. Therefore, in this scenario, ChlR1-dependent cohesion
establishment might mediate accurate DNA repair at the replication forks. Further studies
addressing the role ChlR1 in cohesin recruitment would clarify how, mechanistically, ChlR1
promotes sister chromatid cohesion.

In conclusion, we have shown that ChlR1 depletion causes cellular sensitivity to cisplatin,
an ICL agent that causes replication fork stalling. Consistently, ChlR1-depleted cells
accumulate DNA damage and show defects in efficient DSB repair. In addition, we have
shown that ChlR1 is involved in recovery of stalled or damage replication forks in response
to cisplatin. Thus, our findings suggest that ChlR1 is required for efficient repair of DSB at
the replication fork. It is important to note that ChlR1 is thought to be involved in lagging-
strand processing. Such a function of ChlR1 may contribute to the establishment of sister
chromatid cohesion at the replication fork. Further investigation warrants a better
understanding of the mechanistic link between DNA replication and cohesion processes.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Highlights

• ChlR1 depletion causes cellular sensitivity to cisplatin, an ICL agent.

• ChlR1 depletion causes accumulation of DNA damage in response to cisplatin.

• ChlR1-depleted cells display defects in DSB repair.

• ChlR1 is involved in replication recovery after cisplatin treatment.

• ChlR1 is involved in efficient DNA repair during DNA replication.
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Figure 1. ChlR1-depleted cells are sensitive to cisplatin
(A) HeLa cells were infected with lentivirus expressing the indicated shRNAs and selected
in the presence of puromycin for stable expression of shRNAs. Western blotting results
show that Timeless or ChlR1 was efficiently downregulated. (B, C) Cells infected with the
indicated shRNA-expressing lentivirus were treated with vehicle (water in B) or 100 μM
cisplatin (in C) for one hour and returned to fresh medium. Cells were counted at the
indicated time in triplicate, and percentages of cell growth were calculated against the
number of cells at the 0 h time point. The error bars represent standard deviation. (D) HeLa
cells stably expressing shRNAs used above were incubated with the indicated concentrations
of cisplatin for 1 hour. Cells were then washed and released into fresh medium for
clonogenic survival assays as described in Material and Methods. (E) HeLa cells were
transiently transfected with a plasmid vector expressing ChlR1 shRNA (ChlR1-5) and
incubated with the indicated concentrations of cisplatin for 24 hours. Cells were washed and
returned to growth medium for clonogenic survival assay as described in D. The error bars
represent standard deviation obtained from three independent experiments. Western blotting
results show efficient ChlR1 depletion by the vector expressing ChlR1 shRNA.
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Figure 2. ChlR1 depletion leads to accumulation of 53BP1 foci
(A) Western blot analysis of HeLa cells stably expressing the indicated shRNAs. (B)
Representative images of 53BP1 foci in control and ChlR1-depleted cell nuclei. In the top
panel, cells infected with the indicated shRNAs were grown on coverslips and stained with
the 53BP1 antibody (red). In the bottom panel, cells were treated with cisplatin for 1 hour
and returned to fresh medium for 7 hours. Cells were then stained with the 53BP1 antibody
(red). DNA was costained with DAPI (blue). The merged images of DNA and 53BP1 are
shown. (C) Quantification of 53BP foci in untreated cells. 53BP1 foci were counted in at
least 50 nuclei in each experiment. The number of 53BP1 foci in each nucleus was counted
and scored within a category of foci number per nucleus. For each category, an average
percentage of nuclei and standard deviation were determined. (D) Quantification of 53BP1
foci in cisplatin treated cells was performed as in C. The number of 53BP1 foci in each
nucleus was counted at the indicated time after 1 hour of cisplatin treatment. Percent nuclei
with more than 70 foci is shown. (E) HeLa cells were transiently transfected with the
indicated siRNA oligonucleotides. Cells were collected 4 days after transfection, and levels
of ChlR1 were monitored by Western blotting, using antibody against ChlR1. (F) siRNA-
treated cells used in E were incubated with cisplatin for 1 hour and returned to fresh medium
without cisplatin for 7 hours. Cells were then stained with the 53BP1 antibody, and cells
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with more than 70 53BP foci were scored in at least 100 nuclei. Data were obtained from
four independent experiments and error bars represent standard deviation.
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Figure 3. ChlR1 is required for efficient DSB repair
(A) Western blot analysis of cell extracts prepared from HeLa cells stably expressing the
indicated shRNAs. Timeless or ChlR1 was efficiently downregulated. Cell extracts were
collected before tamoxifen treatment (-), and 8 hours after tamoxifen treatment (+) to assess
activation of DNA damage response by I-PpoI nuclear relocalization. Tamoxifen-dependent
induction of I-PpoI induced phosphorylation of Chk2 (pChk2). (B) Cells were collected at
the indicated times after I-PpoI induction, and genomic DNA was prepared. Triplicate real-
time PCR reactions were run by amplifying the I-PpoI target site on chromosome 1, along
with a site adjacent to the I-PpoI target site for normalization. ΔΔCT values were
determined, and represented as the percentage of damaged DNA at the I-PpoI target. Error
bars represent standard deviations. (C) HeLa cells stably expressing the indicated shRNA
were treated with 20 μg/ml of bleomycin for 4 hours. Cells were washed, returned to fresh
medium without bleomycin for 18 hours, and stained with the 53BP1 antibody.
Quantification of 53BP1 foci in these cells were performed as described in Fig 2C. (D)
HeLa cells were transiently transfected with the indicated siRNA oligonucleotides and
treated with 3 μg/ml bleomycin for 1 h. Cells were then washed, returned to fresh medium
for 7 hours, and stained with the 53BP1 antibody. Percent nuclei with more than thirty
53BP1 foci is shown. Representative results of repeat experiments are shown.
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Figure 4. ChlR1 depletion negatively affects resumption of replication forks
(A) HeLa cells were infected by lentivirus expressing the indicated shRNA. Western
analysis shows that ChlR1 was efficiently downregulated. (B) Representative images of
EdU incorporation. Cells were treated with 1 mM HU for 16 hours to arrest replication
forks. Cells were then released into media containing vehicle (water) or 100 μM cisplatin
for 1 hour. At the indicated times after vehicle or cisplatin treatment, cells were incubated
with 15 μM EdU for 15 minutes and fixed. Representative images of control or ChlR1-
depleted cells incubated with EdU five hours after vehicle or cisplatin treatment are shown.
(C) Quantification of levels of nuclear EdU incorporation at 1, 3, and 5 hours after vehicle
or cisplatin treatment in control vs. ChlR1-depleted cells. The nuclei were scored into 2
different categories: EdU not incorporated and EdU incorporated. Forty nuclei were counted
for each experiment. For each category, an average percentage of nuclei and standard
deviation were calculated. Error bars represent standard deviations.
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